The nondestructive testing (NDT) of composites is a critical step for the early detection and repair of industrial components. Infrared (IR) vision has demonstrated to be an attractive inspection technique, allowing a fast and straightforward examination of the integrity of materials and parts in a non-invasive and non-contact manner. In this study, mid-wave infrared (MWIR) thermography and near infrared (NIR) vision are investigated for the NDT inspection of a glass fibre sample with fabricated subsurface defects of different types. The main advantages and limitations of each technique are discussed and some comparative experimental results are provided.
Infrared (IR) Thermography
IR thermography, working in the mid-wave (MWIR) (3 5 µm) and long-wave (LWIR) (7.514 µm) portions of the infrared spectrum, provides thermal maps, i.e. thermograms, which are the result of thermal emissions from the specimen surface. IR thermography is gaining popularity in many areas such as aerospace where large surfaces need to be inspected in situ in a fast and safe manner. 1, 2) Figure 1 depicts the typical setup configuration in IR thermography.
As can be seeing in this illustration, the specimen can be inspected in reflection (camera and heat source on the same side) or in transmission (the specimen is stimulated from one side and the camera and heat source on the same side) modes depending on the application. In the case of transparent and semi-transparent materials such as glass fibre, near infrared (NIR) vision constitutes an interesting alternative worthy of taking into consideration as discussed next.
Near Infrared (NIR) Vision
NIR vision recovers the reflected or transmitted (nonthermal) radiation from or through the specimen in the near portion of the infrared spectrum (0.92.5 µm). It can be used to reconstruct complete images of the specimen, which in many cases provide an enhanced contrast of the eventual defects inside the components (as long as these features are at least partially opaque to NIR radiation).
The experimental setup is similar to the one used for IR thermography and is illustrated in Fig. 2 , with the difference that in this case an illumination source (and not a heat source) is required. This technique, commonly referred as reflectography (in reflection mode), is extensively employed in the examination of artworks where underdrawings (opaque to NIR radiation) can be detected through the painting layers (semi-transparent to NIR radiation) providing information about the integrity of the piece, intentional and unintentional alterations and artists' motifs.
3) Nevertheless, to our knowledge, NIR vision has seldom been exploited for the assessment of industrial parts.
In the next section, the experimental results obtained from a glass fibre specimen inspected by both, MWIR thermography and NIR vision, are presented and discussed.
Experimental Results and Discussion
A glass fibre plate (30 cm © 30 cm) shown in Fig. 3 (a) was investigated. This specimen contains different types of fabricated defects as depicted and detailed in Fig. 3(b) . An IR camera (Santa Barbara Focalplane InSb, 35 µm, 320 © 256 pixel resolution) was used for the IR vision inspection, and a NIR camera (Goodrich InGaAs, 0.9 1.7 µm, 640 © 512 pixel resolution) for NIR vision testing. Figure 4 presents a result obtained by IR thermography and processed using the pulsed phase thermography (PPT) technique.
4) The specimen's surface was black-painted for this experiment and it was inspected in transmission mode using two photographic flashes (Balcar, 5 ms pulse, 3.2 kJ/flash). Some of the defects can be seen and they are identified in Fig. 4(a) . Figure 4(b) shows the specimen's defects locations for reference. For instance, three of the four delaminations (D 2 , D 3 , and D 4 ), two of the three impacts (I 1 and I 2 ) and two of the four non-classified defects (O 1 and O 2 ) are detected. The countersink defects (C 1 to C 3 ) and the burned drill holes (B 1 to B 3 ) of different sizes can be perfectly seen of course since they are holes. However, although these defects were created to simulate different real conditions on defects of the same type (countersink and burned drill), no distinctions between them can be made from Fig. 4 . Further testing with increased spatial resolution would be required for this manner.
Figure 5(a) shows a NIR image obtained using an incandescent light in transmission mode as an illumination source. Figure 5(b) shows the defects' locations for reference. As can be seen from this figure, the same defects detected by IR thermography can be clearly identified by NIR vision. In addition, there are three other defects that can be detected in Fig. 5(a): D 1 , I 3 and O 4 . Furthermore, defect contrast is in general better in the NIR result when compared to the IR thermography result, which could be explained in part because of the superior spatial resolution of the NIR camera (640 © 512 vs. 320 © 256 pixel resolution). For instance, evidences of the loading differences in the impact defects (type "I") are better resolved in the NIR image. Additionally, judging from Fig. 5(a) , the non-classified defect O 1 appears to have a triangular shape and delamination D 4 a diamond. Defect O 4 has a rectangular shape and it probably corresponds to a very thin and/or deep semi-transparent insert since is not seen in the thermogram of Fig. 4(a) .
Although defect O 2 can be detected by both NIR and MWIR inspection, its shape is not the same in these two results. Defect O 2 appears rounded in the thermogram of Fig. 4(a) (very similar to defect O 1 in this same figure) , whilst it appears with reduced contrast in an apparently non-circular shape (quite different to defect O 1 ) in the NIR result of Fig. 5 . Moreover, the result presented in Fig. 4(a) corresponds to a phase image obtained after processing a sequence of 500 thermograms by pulsed phase thermography, whilst only one image was required and no advance processing was necessary in order to obtain the NIR result of Fig. 5(a) . These results suggest that NIR vision could be an interesting approach for the assessment of glass fibre components, which could provide single images showing internal defects with enhanced contrast. It should be noted however, that in order to obtain this enhanced defect contrast by NIR vision, access to both sides of the specimen is required, which could be difficult to carried out in practice.
(a) (b) Fig. 5 Results by NIR vision: (a) image obtained in transmission mode with a NIR camera (0.9 to 1.7 mm) using a wide-spectrum light source and a narrow spectrum filter (1300 nm), and (b) specimen drawing highlighting the detected defect locations for reference.
(a) (b) Fig. 4 Results by IR thermography processed using pulsed phase thermography (PPT): 4) (a) PPT phasegram at f = 0.12 Hz, and (b) specimen drawing highlighting the detected defect locations for reference.
